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 using Nd:YAG laser. XRD analysis showed the amorphous growth 
of thin film at low substrate temperature (Ts) while higher Ts supported crystalline growth. 
Magnetic moment, magnetic residual ratio and coercivity of thin films decreased with 
increase in Ts for both substrates.  However, this decrease was sharp for films deposited on 





Electrical resistivity of thin film grown on glass substrate decreased while Hall carrier 
mobility increased with increase in Ts. 
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Metallic thin film has become an initiative subject of interest in many fields of advance 
technologies such as electronic and micro-electronics. Ferromagnetic thin films have a few distinct 
characteristics like high flexibility and low electrical resistivity, among the other physical and 
mechanical properties. These specific properties make thin films an appropriate candidate for their 
applications in various fields of modern technology like photo-thermal energy conversion, micro-
electronics, transparent electrodes and in devices used for bio-medical analysis [1]. 
Nickel is a fundamental transition metal, with high temperature stability, oxidation- 
resistance, corrosion and wear- resistance, and low electrical resistivity [2]. Owing these precise 
properties together with low cast and easy commercial availability, the popularity of nickel has 
been continuously increased during the past few decades. Furthermore, the ferromagnetic nature of 
nickel makes it more valuable for various topical fields such as photo thermal conversion, 
nanotechnology and magnetic resonance imaging [3]. The most important application of nickel is 
in the growth of thin film [4], which plays a key role in fabrication of essential components for the 
various technological fields based on the fabrication of nanostructured materials. Thin film 
produced by a suitable method under optimized deposition parameters may possess different 
optical, electrical, chemical and magnetic properties which are quite different of same properties of 
bulk materials [5]. Therefore, the domain of applications for nickel thin films has been widely 
increased due to their remarkable properties. Nickel thin films have found applications in many 
areas such as, ferro-fluid technology, magnetic-resonance imaging (MRI) [6-8], decorative-coating, 
corrosion- resistant coating [9], in microsystems and nuclear industry [10], nano-technology [12], 
solar-thermal energy conversion [10,12] and as catalyst for carbon nanotubes [13].  Ferromagnetic 
nickel thin films are also used in the preparation of magnetic-sensors, which have their applications 
in bio-systems, hard-drive disk of computes, and microelectro-mechanical systems [15]. The 
magnetic properties of nickel thin films are produced due to spin polarization of 3d electrons and 
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depend on the deposition method, growth parameters, microstructure, texture, substrate-
temperature, type of substrate-material, thickness and grain size [3-4]. Several researchers have 
worked on the structural, physical and morphological properties of nickel thin films [10, 16-18]. 
Magnetic properties of nickel thin films deposited by RF magnetron sputtering [9], electron 
beam evaporation [14], thermal evaporation [13,19] electrodeposited [20], chemical vapor 
deposited [21] and DC magnetron sputtering [22] have been studied for last hundred years [9]. In 
the past optical and electrical properties of nickel oxide thin films have been studied extensively 
[23-27], but a little attention was waged towards the electrical and transport properties of pure 
nickel thin films. Similarly, according to best of our knowledge, there is a little evidence for the 
growth and study of magnetic properties of nickel thin film deposited on copper-substrates. Whal et 
al (2003) and J. Lamovec et al (2018) have reported the magneto-optical [28] and mechanical 
properties of nickel thin films deposited on copper substrates [29]. 
In this work, we have deposited nickel thin films on glass and copper substrates at different 
substrate temperature using pulse laser deposition (PLD) technique which is the most propitious 
exercise to develop the epitaxial thin films with suitable crystallographic direction [30]. The 
influence of substrate temperature on microstructural and structural parameters such as roughness, 
surface morphology, grain size and shape has been investigated.  AFM, SEM, XRR and X-ray 
diffractometer (XRD) were utilized for study of surface morphology and microstructure of thin 
films. Magnetic, electrical and transport measurements of thin films were performed with Vibrating 
sample magnetometer (VSM) and Vander Pauw apparatus. The variation in coercive field (Hc), 
saturated magnetization (Ms) magnetic residual ratio, sheet resistance, and electrical resistivity of 
thin films with increased substrate-temperature are correlated to the structural and morphological 
changes. The effect of roughness, thickness and grain size on the % AMR, Hall mobility and 




Nickel thin films were deposited on the glass and copper substrates by pulsed laser 








C, 700ºC respectively. The 
pressure in the deposition chamber was maintained at 1.1×10
-7 
mbar. A circular disc of pure nickel 
having thickness 3 mm and diameter 2 cm (provided by Test Bourne -Ltd, UK) was used as a 




 by fixing the 
wavelength and repetition rate of the Nd: YAG laser (Q-switch) at λ=355nm and 10 Hz 
respectively. The glass and copper sheet of thickness 0.5 mm were cut into 10 mm ×10 mm square 
pieces which were used as substrates for the deposition of nickel thin films. The substrates were 
cleaned carefully by an ultrasonic bath in acetone for half an hour. They were then dried to remove 
the drops of solvent. Substrates were placed 4 cm away from the target during the deposition 
process of 45 min. The nickel target was irradiated by focusing the laser pulse energy with quartz 
convex lens (f = 50cm). The substrate and target were set in to continuous rotation.  
 
3. Results and discussion 
 
3.1. XRD analysis  
The samples of nickel thin films were scanned in 2range of 20º - 90º by a beam of x-rays 
emitted from the Cu Ksourcehaving wavelength (λ) 1.54 Å  X-ray diffraction spectra of nickel 
thin film deposited on glass substrate is shown Fig. 1(a). The substrate temperature, Ts = 100 
o
C 
supports the amorphous growth of thin film with no clear crystalline peak. The amorphous growth 
may be caused by low mobility of ad-atoms on substrate surface at low temperature. In the 
diffraction pattern of thin-film grown at 300
o
C, two nickel peaks (111) and (200) were appeared at 
44.5º [31] and 52º [4,15], respectively. Low intensity peaks support the formation of weak nickel 
phase and polycrystalline structure of film at 300
o
C. Two intensive nickel peaks at 44.45º (111) and 
52º (200) were appeared in the diffraction spectra of thin film deposited at 500 ºC which confirms 
the crystalline growth of nickel.  
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Fig. 1(b) shows the XRD spectra of nickel thin film grown on Cu substrates. Three strong 






, respectively, belong to the Cu-substrate 





C. At lower Ts the ad-atoms deposited on substrate after travelling a short 
distance of few nanometers when arrived on substrate due to low kinetic energy and surface 
mobility which causes the amorphous growth of thin film. However, at Ts 500
o
C the ad-atoms with 
higher kinetic energy may obtain sufficient surface mobility on substrate to initiate the crystalline 
growth of the film. The presence of nickel peak at 44.45
o 
[15,31] in the XRD pattern confirm its 
crystalline structure.  
 





Fig. 1. XRD graphs of nickel thin films deposited on (a) glass and (b) copper substrates 






C using PLD 
 
3.2 SEM analysis  
A scanning electron microscope (SEM) was used to study the surface morphology of 
nickel thin films deposited on glass and Cu- substrates. SEM micrograph of thin-film grown at 
lower substrate temperature 100
o
C indicate the formation of smooth film, however, there exist 
small clusters and droplets in the microstructure of the film as shown in Fig. 2 (a) and (b). 
However, at substrate temperature of 300
o
C the size and density of grains were increased. At 500
o
C 
the film becomes smooth with polycrystalline structure as shown in Fig. 2 (c). Pores and voids 
were observed in the microstructure of film. The formation of voids may be supported by the 
diffusion of small particles/grains to larger ones due to high surface mobility at elevated growth 
temperature and leaving vacancies behind them. 
SEM images of thin films deposited on copper at low Ts of 100
o
C-300ºC, show the 
inhomogeneous microstructure with high density of pores and voids as shown in Fig. 3 (a, b). At 
lower temperature ablated species/ad-atoms stick the substrate surface at place of their landing. 
Therefore, the low surface mobility of less energetic ad-atoms may cause formation of pores and 
voids in the texture of film. But at higher Ts of 500 ºC high surface mobility of ad-atoms initiate 
the smooth and homogeneous growth of film by reducing the density of voids and pores as 
indicated in Fig. 3 (c). Further increase in Ts (700 ºC) the mobility of ad-atoms increased by higher 
order which may increase the transport of depositing atoms on substrate. This effect causes 











     
Fig. 2. SEM images of nickel thin films grown on glass-substrates at T s of (a) 100 ºC,  
(b) 300 ºC
  









   
Fig. 3. SEM images of nickel thin films deposited on Cu-substrates at Ts of (a) 100 
o













3.3 AFM analysis  
AFM image of thin film deposited on glass at lower substrate temperature 100 
o
C indicates 
the presence of some clusters and inhomogeneous growth of film was observed as shown in Fig. 4 
(a). Lower surface mobility of ad-atoms causes formation of cluster in the microstructure of film at 
lower substrate- temperature. While at higher-growth temperature 300 
o
C, the density of cluster and 
droplets were appeared to be reduced. The grains with voids between their boundaries were 
observed in the microstructure of film as shown in Fig. 4 (b). The grains were coarsenly distributed 
in the texture of the film. However, at TS of 500 
o
C, large grains were transformed to grains of 
nearly the same size with voids at their centers. The smooth and homogeneous growth of thin -film 
initiated at 500 
o
C due to higher surface mobility as shown in Fig. 4(c). The estimated values of 




C and 500 
o









Fig. 4. AFM images of nickel thin films at Ts of (a) 100 
o
C (b) 300 
o




AFM image of thin film deposited on the Cu substrate at Ts of 100 
o
C, thin- film has non-
uniform texture with presence of small grains and some voids as shown in Fig. 5 (a). At lower Ts 
the period of the atomic jump process of ad-atoms on the surface of substrate is large and mobility 
of ad-atoms on the surface is small, this effect leads to growth of non-uniform thin film. At Ts in 




C, the mobility of ad-atoms on the surface of substrate was increased and 
initiate the homogeneous growth of thin- film. AFM images of thin -film deposited at higher 
substrate temperature reveal that grain size of film was increased and grains of spherical shape with 
distinct grain boundaries were produced as indicated in Fig. 5 (b, c). At Ts 700 
o
C, the ad-atoms of 
higher surface mobility and potential energy have ability to overcome the nucleation potential of 
substrate surface and may be diffuse into Cu-substrate.  Grain size and roughness of nickel thin 
films were also estimated using atomic force microscope. The estimated value of grain size of thin- 






C, and 700 
o
C are 360 nm 600 nm, 666 nm and 1.6µm and 











Fig. 5. AFM images of nickel thin films deposited on copper- substrates at Ts of (a) 100 
o









3.4. XRR analysis 
X-ray reflectometry (XRR) was used to estimate the thickness of nickel thin films 
deposited on glass and copper -substrates. The estimated values of thickness of thin films deposited 
on glass substrate at Ts of 100 ºC, 300 ºC and 500 
o
C are 50 nm, 150 nm and 90 nm, while 






C, and 700 
o
C are 50 nm, 35 nm, 25 nm and 30 nm respectively. The values of thickness and RMS of the thin 
films deposited on glass and copper substrates are listed in Table 1.  
 
 
Table 1. Thickness and roughness of Nickel thin films deposited on glass and copper substrates. 
 
Ts Glass-substrate Cu-Substrate 
  









100 50 3 50 2 
300 150 20 35 10 
500 90 6 25 18 
 
 
3.5. Magnetic properties  
Vibrating sample magnetometer (VSM) System (Lake Shore 7300 Series, USA) was used 
to generate magnetic data of thin films. The magnetic field was applied in-plane to sample of thin 
film for recording the M-H loop. Magnetic characteristics such as saturated magnetization (Ms), 
coercivity (Hc), magnetic residual ratio and magnetic moment (Mr) were measured from the M-H 
loop. The values of magnetic moment (Mr), magnetic residual ratio and coercivity (Hc) are plotted 




C and 500 
o
C are 27.7 mT , 
8.4 mT and 6.7 mT respectively while, magnetic moment and magnetic residual ratio of thin film 
deposited at 100 
o
C are 0.83 µA-m
2 
and 0.97. At Ts of 100 ºC, roughness of film is 3nm therefore; 
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due to smaller roughness magnetic moment and saturated magnetization are large. At Ts of 300 ºC, 
roughness of film increased from 2 nm-20 nm and leads to decrease in magnetic moment and 
saturated magnetization. The value of these parameters at 300 
o
C is 0.51 µA/m and 0.25 µA-m
2 
respectively. At further higher temperature 500 
o
C roughness of film reduced from 20 nm- 6 nm. 
Therefore, Ms and Mr of thin-film were increased and their values become 0.71 µA/m and 0.46 
µA-m
2 
respectively. Magnetic properties are function of substrate temperature, substrate material 
roughness and thickness. Our results showed that at higher deposition temperature, roughness and 
thickness of thin film decreases and support the smooth and polycrystalline growth of film. The 
magnetic domains of film may easily aligned in the direction of applied magnetic field and are 
responsible for the increase in saturated magnetization (Ms) and magnetic moment (Mr). 
M-H graphs of nickel thin films deposited on copper were drawn to measure magnetic 
parameters such as saturated magnetization (Ms) coercivity (Hc), magnetic residual ratio and 




C magnetic parameters such as (Hc), (Ms) and 





C. At deposition temperature in range of 100 ºC-700 ºC, roughness of 













Fig. 6. Effect of Ts on the magnetic properties of nickel thin film deposited (a-c) on glass  
and (d-f) on copper substrates. 
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Magnetic properties of film are function of crystallinity, roughness, thickness and grain 
size. Therefore, for the smooth and homogeneous growth of thin-film, magnetic domains with in 
crystal structure tend to align in the direction of applied- field and lead to decrease the coercive 













C indicated in Fig. 6 (d). Similarly coercive field (Hc) 
and residual magnetic ratio were decreased 28 mT- 3 mT and 0.98-.02 respectively with increase in 




C as illustrated in Fig. 6 (e,f) .The increase in  roughness and grain size at 
higher temperature support the reduction in magnetic parameters. 
 
3.6. Electrical properties 
The Vander Pauw four-point method is the most common technique used for the 
measurement of the electrical and transport properties of thin films [33]. The electrical properties 
of thin films are function of deposition temperature, thickness, surface morphology, and roughness. 
The variation of sheet resistance and electrical resistivity with substrate temperature is illustrated in 
Fig. 7 (a) and (b) respectively. The electrical resistivity of thin film is 6.18 ×10
-6 
Ω-m at Ts = 100 
ºC and was dropped to 0.526 ×10
-6 





C. At lower growth temperature, grains are small with undistinguished boundaries and are 
randomly distributed in the texture of film. Therefore, due to amorphous growth and 
inhomogeneous microstructure, the electrical resistivity of film is higher. But at Ts =500 ºC, the 
structure of film become smooth and crystalline because of reduced thickness (150-90 nm). The 
smaller grains with their uniform distribution and polycrystalline growth which lead to decrease in 
roughness. The decrease in thickness, roughness, grain size and high order of crystallinity cause the 





Fig. 7. Effect of Ts, on (a) sheet resistance (b) electrical resistivity of  
thin film deposited on glass-substrate. 
 
3.7. Anisotropic-magnetoresistance (AMR) 
The variation in the resistance of conducting materials under the influence of the magnetic 
field is called magnetoresistance. In case of ferromagnetic materials, this effect is called anisotropic 
magnetoresistance (AMR) because it depends on the orientation of magnetization with respect to 
the direction of current flowing through the material. AMR is anisotropic magnetoresistance and is 
used as a magnetic detector for a magnetic bubble and for digital recording. Thin films of 
ferromagnetic material are used for the fabrication of these delicate and small size detectors [34]. 
AMR of thin film was measured by Vander Pauw four- probe method. The magnetoresistance of 
thin film was increased at higher deposition temperature due to reduction in thickness and grain 
size. AFM images of thin film deposited at 500 ºC showed that high density of grains in the texture 
as compared to film grown at lower temperature 100 ºC-300 ºC. Therefore, charge carriers suffer 
more collisions from the grain boundaries and cause the increase in magnetoresistance. The 





C lies in the range 0.003- 0.98 and 0 - 1.32 as shown in Fig. 8 (a) and (b) 
respectively. Our results showed that anisotropic magnetoresistance are close to each other in 







Fig. 8. The variation of longitudinal and transverse % AMR of nickel thin films vs Ts 
3.8. Hall measurements 
Carrier mobility of materials is a fundamental property which describes how easy or 
difficult carriers charge gives a response to the applied electric field. It also gives information about 
the phenomenon of scattering of carriers from the material. Carrier mobility and carrier density of 









Fig. 9. Variation of carrier density, carrier mobility and Hall coefficient of nickel thin- films 
 deposited on glass substrates at Ts of (a) 100 
o
C, (b) 300 
o




Resistivity, carrier density and carrier mobility are related by 𝜌 = 1/ 𝑛𝑒𝜇. Where, n is the 
carrier density, d is thickness, e is fundamental charge and µ is the carrier mobility. The relation 
between Hall coefficient (RH), carrier mobility (µH), carrier density (n3D) and resistivity of thin film 
are given by equations 1-3 [33]. 
   
ne
1




                                     HH R=                     (2) 
 
                                dn=n 3D s                       (3)   
      
The effect of substrate temperature on the number density, carrier mobility and Hall coefficient is 
illustrated in Fig. 9 (a), (b) and (c) respectively. By using above equations (RH), (µH) and (n3D) of 













C, while carrier density (n3D) was 








. At higher growth temperature Hall-coefficient 
(RH) was increased from 0.93 ×10
-5 
Ω-m / T to 3.78 ×10
-5 
Ω-m / T which may be due to presence of 




Using pulsed laser deposition, nickel thin films were deposited on the glass and copper- 
substrates. X-ray diffraction patterns of thin films deposited on glass-substrates showed the 
amorphous growth of film at lower Ts (100 
o
C), while polycrystalline growth started at Ts of 
300ºC. The homogeneous and crystalline growth of strong nickel phase was observed at 500
o
C 
Surface morphology revealed that roughness and thickness of film deposited at Ts of 300 ºC 
reached to 20 nm and 150 nm respectively and then reduced to 6 nm and 50 nm at 500
o
C due to 
improvement in crystallinity and high surface mobility of ad-atoms on substrate surface. Magnetic 




, 27.7 mT to 
6.7 mT respectively at temperature range of 300 ºC-500 ºC. The electrical resistivity and carrier 
density were decreased 6.18 ×10
-6
Ω-m to 0.526 ×10
-6 








respectively, while Hall coefficient (RH) and carrier mobility (µH) were increased  at higher Ts. The 
X-ray diffracted patterns for the nickel thins film grown on copper- substrates indicated the 
amorphous growth at Ts in range of 100 ºC - 300 ºC and transform in to crystalline structure at Ts 
of 500 ºC. Grain size was increased from 360 nm to 1.6 µm, roughness was increased from 2 nm to 
19 nm; however, film thickness was decreased from 50 nm-25nm. Similarly, magnetic moment 








 and coercive field (Hc) was reduced 
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